ABSTRACT -Seed storage is an important tool for ex situ conservation. Orthodox seeds can be stored for long periods, but recalcitrant seeds generally only for short periods. There is wide variation in the degree of desiccation tolerance between orthodox and recalcitrant seeds, leading authors to suggest levels of recalcitrance and, more recently, that there are variations in the stage of maturity at seed dispersal. Thus, recalcitrant behavior would be a result of premature dispersal from the mother plant. In this study, we sought to establish physiological relationships between different stages of development of immature orthodox Caesalpinia echinata seeds and the stages described for recalcitrant seeds to verify similarity of behavior. Therefore, we analyzed the desiccation tolerance of seeds collected at different ages, with and without PEG treatment, at different levels of drying (40%, 30%, 20% and 10% water content, wet basis). Changes in water potential, germination, vigor, and respiratory rates of the seeds were analyzed, and the results showed that: 1) desiccation tolerance increased as maturation proceeded; 2) PEG treatment did not induce desiccation tolerance; and 3) PEG treatment decreased the seed oxidation rate, which is the main factor in rapid seed deterioration of C. echinata in storage.
Introduction
Seed banks allow conservation of wide genetic variability in a simple manner in a small space (FAO, 2013) , but they require extensive knowledge of the levels of desiccation tolerance of the seeds of each species. However, there is a great need for scientific information that would allow technological development for efficient production and storage of seeds of tropical species, especially those native to Brazil, which have a wide range of behavior (Davide et al., 2003; Walters, 2015) .
Currently, long-term storage is only viable for seeds tolerant to desiccation (orthodox seeds). For the others, there are few studies to assist plans and actions for conservation of biological diversity (Davide et al., 2003) . When seeds are desiccation intolerant (recalcitrant), they must be maintained at high moisture levels, which results in high metabolic activity, high respiratory rates, and large consumption of reserves, substantially diminishing capacity for long-term storage. In addition, in the period in which seeds have intense activity that is not directed to germination or to seedling development, metabolism may be disordered and free radicals may be released, which further hinders conservation of viability during storage and, consequently, promotes rapid seed deterioration (Marcos-Filho, 2015) .
Seed response varies widely from one species to another, which leads some authors to postulate levels of recalcitrance or degrees of desiccation tolerance, oscillating from highly intolerant to highly tolerant . In addition, there are degrees of response even within the same species (Daws et al., 2006) and between seeds from the same plants in different years of production (Lamarca et al., 2013) , which corroborates the inconsistency of grouping seeds from different species into categories. Even orthodox seeds have periods of sensitivity to drying during formation and maturation, and in these phases act in a manner similar to recalcitrant seeds. For that reason, studying the immature phases of orthodox seeds may make an important contribution to understanding the behavior of recalcitrant seeds .
Although acquisition of desiccation tolerance occurs quickly in orthodox seeds, there is a transitional phase between intolerance and total tolerance. This transition can be prematurely induced or prolonged by modifications of the medium or chemical manipulation. Once the process is induced, immature embryos can become tolerant to desiccation in a few days and the use of polyethyleneglycol (PEG) osmotic solutions is one way of inducing this tolerance.
The respiratory rates of the seeds and other oxidation processes are important factors to study during maturation. Information in the literature is scarce, but intense metabolic activity has been observed during embryogenesis, which requires a large energy source, provided by respiratory activity (Borisjuk and Rolletschek, 2008) . In relation to oxidation processes, seeds pass through inevitable processes of formation of free radicals and reactive oxygen species through imbalances in transport of electrons of the respiratory chain during drying, and this has a clear influence on seed desiccation tolerance (Kranner and Birtic, 2005) . Therefore, during seed formation, antioxidant systems need to be present and efficient. According to the model of Barbedo et al. (2013) , immature orthodox seeds, just as recalcitrant seeds, could also have faults in the antioxidant systems in their desiccation intolerant phase. Therefore, the study of respiratory activity and of oxidation reactions of immature orthodox seeds could make a substantial contribution to knowledge of recalcitrant seeds (Lamarca and Barbedo, 2012) .
Caesalpinia echinata Lam. (Brazilwood) seeds were initially classified as orthodox, which tolerate drying until reaching low moisture values such as 8% to 5% wet basis (Martini-Neto and . However, unlike classic orthodox seeds, they do not tolerate storage longer than 12 months, even if low water content is maintained (Hellmann et al., 2006) . These seeds stored at freezing temperatures can remain viable for at least five years (Mello et al., 2013) .
Such characteristics (tolerance to desiccation and to freezing and short longevity at environmental temperature) did not allow these seeds to be placed in any of the previously described categories. In addition, Lamarca and Barbedo (2012) found that the rapid loss of viability of C. echinata seeds is associated with high consumption of O 2 without corresponding production of CO 2 , which suggests other oxidation processes and the lack or inefficiency of antioxidant systems. These seeds are therefore material of great scientific interest. The aim of this study was to analyze desiccation tolerance, whether natural or induced, of C. echinata seeds at four different ages, all immature, and also analyze their respiratory rates and other oxidation processes after different levels of dehydration.
Materials and Methods
Fruits of Caesalpinia echinata Lam. were harvested from trees in the Bosque Brasil 500 (Figure 1) in Paulínia, SP, Brazil (22°45' S, 47°09' W, altitude of 690 m) from October to November 2014. The fruit was packed in plastic mesh bags and taken to the Seed Laboratory of the Instituto de Botânica in São Paulo, SP (23°39' S, 46°37' W, altitude of 785 m), where the seeds were extracted. Seeds were extracted manually, with slight twisting of the fruit to detach the seeds, which were separated into five distinct stages of maturity, called ages, according to their size and color. Seeds of five ages were obtained, with A0 as the most immature and A4 the most mature (Figure 1 ). Chronological time from anthesis to each harvest (days after anthesis, DAA) was estimated through labeling of flowers at the time of anthesis and monitoring the development of fruit and seeds in regard to their external appearance.
Separation of the seeds by age was checked by evaluating the water content and the dry matter content, comparing these data with those described by Borges et al. (2005) . In addition to water content and dry matter content, samples of seeds of each age were taken to also characterize their water potential, their respiratory rates, and their capacity to germinate and produce normal seedlings, as described below.
The water content and the dry matter content were determined gravimetrically by the laboratory oven method at 103 °C for 17 hours, and the results were presented in percentage, wet basis, for water content, and in mg.seed -1 for dry matter (Brasil, 2009) .
Water potential was measured in a WP4 potentiometer (Decagon Devices, Pullman, WA, USA), which was based on determination of the dew point temperature in equilibrium with the sample examined (Delgado and Barbedo, 2012) . For this test, the seeds were cut lengthwise so as to speed hygroscopic equilibrium between the sample and the air and then immediately placed in plastic capsules, which were closed. After reaching a temperature near that of the potentiometer, the capsules were opened and inserted in the evaluation chamber and results were registered in MPa (Lamarca et al., 2009; Martini-Neto and Barbedo, 2015) .
The germination test was performed in a roll of germination paper moistened with water to saturation (Brasil, 2009) . The rolls were placed in germination chambers at 100% relative humidity and constant temperature of 25 ºC with continuous light (Mello and Barbedo, 2007) . Evaluations were made every two days, and the number of seeds with at least 1 cm of primary root protrusion was registered for calculation of the percentage of seeds able to germinate as well as the number of seeds that produced normal seedlings (seedlings with a developed root system and visible first pair of leaves) for calculation of the percentage of germination (Martini-Neto and .
The respiratory rates, that is, oxygen (O 2 ) consumption and carbon dioxide (CO 2 ) production were determined by an analyzer model ILL6600 (Illinois Instruments, Inc., Johnsburg, IL, USA), according to the methodology described by Lamarca and Barbedo (2012) . The values obtained in the evaluations were divided by the total dry matter of the sample and by the incubation time, and the value of O 2 or CO 2 was obtained in micromols of gas per gram of dry matter per day (μmol gDM -1 .day -1 ). The respiratory quotient (RQ) was also calculated, that is, the ratio between CO 2 production and O 2 consumption (RQ = CO 2 O 2 -1 ). The seeds of the different ages were divided into two groups. In the first, they were progressively dried until reaching water contents of 40%, 30%, 20% and 10% (designated as S40, S30, S20 and S10, respectively). After drying, they were once more evaluated in regard to water content, dry matter content, water potential, germination, and respiratory rates, as previously described. The seeds were dried in a forced-air circulation oven regulated to 40 ± 2 °C, controlling the variation between initial weight and final weight of the seeds for each predetermined water content. In the laboratory oven, the seeds were placed on c d e f g c Figure 1 . General appearance of trees (a) and fruits (b) of Caesalpinia echinata from which seeds (c) were obtained at the ages of A0, A1, A2, A3 and A4 (from left to right, respectively). Paulínia, SP, Brazil. Scale = 1 cm.
shelves lined with Sombrite® screens in a single layer without overlapping. Drying was intermittent, alternating 8-hour drying periods with 16 hours of rest. During the resting phase, the seeds were placed in perforated plastic bags and kept in a refrigerator at approximately 7 ºC until resuming drying in the laboratory oven. None of the different ages required more than one rest period. In the second group, the seeds were incubated in a polyethyleneglycol 6000 (PEG) solution at -3 MPa for the purpose of inducing desiccation tolerance, followed by the same drying procedures and evaluations as the previous group. For this incubation, the seeds were placed between two sheets of germination paper previously saturated with the PEG solution, kept for 24 hours at 25 ºC, and then quickly rinsed in distilled water and dried on the surface with dry germination paper. They were then immediately dried in a laboratory oven until reaching the pre-established moisture levels, as previously described. Seeds of the A0 age could not be included in the drying treatments and incubation in PEG, because of their low germination capacity, as will be discussed below. The experiments were carried out in a completely randomized design in a 4 × 2 factorial arrangement (4 levels of drying, with or without PEG) within each age, with four replications of fifteen seeds for the germination tests, three replications of fifteen seeds for the respiratory rates, and three replications of five seeds for water content, dry matter, and water potential. The data were subjected to analysis of variance and, when significant, means were compared by the Tukey test, always at the level of 5% (Ferreira, 2008) .
Results and Discussion
Progressive advancement of maturation in seeds from A0 to A4 resulted in progressive reduction in water content and increase in dry matter content (Figure 2 ), parameters that are frequently considered as indicators of the point of maturation of seeds (Lazzaroto et al., 2011; Marcos-Filho, 2015; Silva et al., 2015; Pires Neto et al., 2016) . Nevertheless, according to the parameters described by Borges et al. (2005) for Caesalpinia echinata (that is, seed coat color, dimensions, water content, and dry matter content), seeds of all the ages in this study can be considered as still immature (Figure 2 ). Along with reduction in water content, the seeds had progressively lower water potential (Ψ) from A1 to A3 (Figure 2a) , exhibiting a probable increase in the binding sites of water because of the larger amount of dry matter deposited.
The low values of Ψ in the seeds of A0, which were highly hydrated (near 70% water content, Figure 2b) , may be the result of impreciseness in evaluation due to the low weight of these seeds obtained from fruit harvested at less than 30 DAA, which corresponds to half the total maturation cycle, according to Borges et al. (2005) . It is important to note that the dry matter of seeds in the A0 stage was near 30 mg.seed -1 (Figure 2c ), that is, less than 1/6 the dry matter of seeds of the last age studied (A4, with around 190 mg.seed -1 ) and 1/10 of that expected for mature seeds (Borges et al., 2005) . Upon obtaining the results of seeds able to germinate and of germination, this first stage of development (A0) was not included in the drying treatments, because of the low germination capacity (Figure 2d) . At age A1, the Ψ of -1.4 MPa (Figure 2a) indicates type 5 water, suggesting high metabolic activity of the seeds, with the possibility of accelerated deterioration reactions (Marcos-Filho, 2015) , as observed in recalcitrant seeds Walters et al., 2013) .
Drying of seeds of different ages resulted in water content values very near those desired (Table 1) , except for S40 of A1, which was discarded from the experiment because it was far from reaching the expected value. These dryings brought the seed hydration level from type 4 water (-1.5 to -4.0 MPa) to type 3 in S40 (-4.0 to -11.0 MPa) and type 2 in S30, S20, and S10 (-11 to -150 MPa). Therefore, type 1 (<-150 MPa) was not reached, which would be recommended for storage of orthodox seeds (Walters, 2015) . In contrast, the values considered as the lower limit for separating tolerant seeds from those sensitive to desiccation, that is, removal of all type 3 water, were exceeded in S10. After PEG treatment, followed by drying, the values of water content were near those of the untreated seeds (Table 1) , except for some small differences that did not come to 4%. Water potential, for its part, showed greater changes, especially in seeds dried to S10, in which PEG treatment resulted in more negative water potentials, that is, with greater water retention. This was also observed by Leduc et al. (2012) , who attributed this decrease to a probable increase in water binding sites, arising from PEG treatment.
Tolerance to drying increased in C. echinata seeds as they matured, in accordance with the behavior of orthodox seeds (Walters, 2015) . In other words, the greater the ages tested of the seeds, the greater the amount of water to be removed before beginning loss in the capacity of seeds to maintain their germination percentages and percentage of seeds able to germinate (Figure 3) . Whereas less than half of the A1 seeds were tolerant to desiccation (Figure 3a) , nearly all those of A4 were tolerant (Figure 3g) . The former exhibited a steep decline in percentage of seeds able to germinate when the water content fell to around 15%, and germination decreased to less than one third already in the first levels of drying (Figure 3) .
PEG treatment in seeds of the A1 age decreased desiccation tolerance even more -the capacity for producing normal seedlings was 7% in S30 and was eliminated in S20 (Figure 3b) . Thus, at that age, osmotic treatment for the purpose of increasing the levels of tolerance to desiccation were not only ineffective, but also harmful, reducing survival rates and vigor.
As maturation advanced, seeds of the A2 age that were dried responded in a way similar to those of A1 in regard to seeds able to germinate, but exhibited greater tolerance to desiccation when germination percentage was analyzed (Figure 3c ). Seeds at the A2 age still maintained around 60% Table 1 . Water content and water potential of C. echinata seeds at four ages (A1 to A4) under different levels of drying (S40: 40%, S30: 30%, S20: 20%, S10: 10%), without or with pre-treatment in PEG solution. Figure 3 . Seeds able to germinate (black columns) and germination (white columns) of C. echinata seeds at the ages A1 (a and b), A2 (c and d), A3 (e and f), and A4 (g and h) at five levels of hydration (S0, S40, S30, S20 and S10), without incubation in PEG (a, c, e and g) and with incubation (b, d, f and h). Mean values followed by the same letter (lowercase for comparison between drying levels, uppercase for comparison between seeds treated on not with PEG) do not differ by the Tukey test at 5%.
germination when their water content was reduced to 32%, whereas seeds at the A1 age exhibited around 20% germination percentage at this same water content ( Figure 3 and Table 1 ). PEG treatment in A2 seeds also led to some damage in regard to desiccation tolerance, especially observed in drying to S30, in which there was reduction to half in germination values after PEG treatment (Figure 3d ). Notably, at this level of drying, in which a difference in the response of seeds treated with PEG was found, the water content (slightly greater in seeds treated with PEG than in untreated seeds) characterizes the lower limit of type 4 water, which is frequently the minimum value for storage of many recalcitrant seeds (Marcos-Filho, 2015) that, according to Barbedo et al. (2013) , behave like immature orthodox seeds. The A3 and A4 seeds already proved to be tolerant to desiccation to S20, with a small reduction in germination values in S10 (greater in A3 than in A4, Figures 3e, g ). However, when these seeds were treated with PEG, there was loss in both the capacity for initiating germination and for producing normal seedlings (Figures 3f, h ). Induction of tolerance to desiccation by PEG in immature C. echinata seeds seems to be possible only in a short period during their maturation, as shown by Leduc et al. (2012) . In addition, according to the model proposed by Barbedo et al. (2013) , artificial processes for inducing maturation applied to isolated immature seeds can slightly change their tolerance to desiccation and their longevity, but this effect would have narrow limits that are not comparable to those obtained from maturation on the mother plant. Therefore, the distortions observed in the results of treatment with PEG, sometimes beneficial, sometimes harmful, seem to fit within those reports. Therefore, the C. echinata seeds that could exhibit some response of induction of desiccation tolerance through the PEG treatment would be between those at the age of A2 (that did not respond to the treatment) and those at A3 (already tolerant).
In relation to gas exchange, measured for C. echinata seeds of different ages, the more mature the seeds, the lower both O 2 consumption and CO 2 production, indicating reduction in metabolic activity with the advance in maturation (Figures  4a, c) . In addition, drying in general promoted reductions in respiratory rates; the drier the seeds, the greater the reductions.
The relation between the production of CO 2 and consumption of O 2 (respiratory quotient -RQ), always below 0.6 (Figure 5a ), generally decreased with drying, arriving at values lower than 0.4. Very low values of RQ suggest the presence of oxidation processes not related to respiration, as previously observed for C. echinata seeds stored at ambient temperature (Lamarca and Barbedo, 2012) . Analyzing these results, together with those regarding germination, in which a , of C. echinata seeds of different ages (A1, A2, A3 and A4) at five stages of hydration (S0: black columns; S40: dark gray columns; S30: medium gray columns; S20: light grey columns; S10: empty columns) without pretreatment with PEG (a and c) or treated with PEG (b and d). Mean values followed by the same letter (lowercase for comparison between drying levels, uppercase for comparison between seeds treated or not with PEG) do not differ by the Tukey test at 5%. substantial reduction in germination capacity and production of normal seedlings is observed (Figure 3) that drying resulted in damage to seed respiratory capacity and increased oxidation processes not related to obtaining energy, especially in younger seeds. Therefore, drying C. echinata seeds apparently promotes two simultaneous processes, which are in opposition in relation to conservation of seed viability in storage. On the one hand, it reduces respiratory activity (seen by the values of CO 2 production, Figure 4c ), consequently reducing consumption of reserves of a metabolism that will not result in germination; but, on the other hand, it intensifies oxidation processes (seen by the RQ values, Figure 5a ), among which are probably included the action of reactive oxygen species, which accelerate deterioration (Hoekstra, 2005) . Lamarca and Barbedo (2012) attribute rapid deterioration of C. echinata seeds stored in non-refrigerated conditions to these oxidation processes, even when dried to water contents lower than 10%.
When the seeds were treated with PEG, the respiration rates did not exhibit large changes (Figures 4b, d ). However, this treatment changed the RQ ratios, especially in A4 seeds ( Figure 5 ), which exhibited aspects different from all the other levels of development, with increasing RQ values as drying proceeded. This suggests reduction in the oxidation processes not related to respiration, which are mainly responsible for the rapid deterioration of C. echinata seeds.
Analysis of respiratory rates made an important contribution to understanding changes in metabolism of C. echinata seeds, both in relation to drying and their conservation in storage. For example, induction of desiccation tolerance with PEG solution did not lead to evident changes in germination percentages and in seeds able to germinate. However, when consumption and release of gases involved in respiratory and oxidation processes are analyzed, important differences were found in the metabolism of seeds when they underwent incubation in PEG solution as of A2.
The A4 seeds showed expressive reduction in O 2 consumption directed to oxidation pathways other than respiration during drying when they underwent priming in PEG, suggesting that metabolism of pathways that involve oxygen was reduced. Lamarca and Barbedo (2012) showed that rapid deterioration of C. echinata seeds stored without refrigeration or freezing is related to oxidation processes not directed to respiration. The more the storage temperature is reduced, the lower the action of these processes and the longer the storability of these seeds may be. The present study showed that treatment with PEG apparently can also reduce this deleterious effect of oxidation processes in C. echinata seeds. This finding can make an important contribution to conservation of the seeds of this important tropical arboreal species without the high cost of use of refrigeration or freezing. In addition, reduction in metabolism in immature orthodox seeds with priming in PEG, especially that related to nonrespiratory oxidation processes, may have partially simulated processes involved in seed maturation itself. As seeds mature, antioxidant systems are also expanded and improved, preparing the seed for the drying phase at maturation, which will involve intense action of reactive oxygen species. This fact reinforces the model proposed by Barbedo et al. (2013) of the similarity between seeds designated as recalcitrant with immature orthodox seeds. However, also as predicted by Barbedo et al. (2013) , although treatment with osmotic solutions prolongs the conditions suitable for an advance in seed development, it is not able to achieve behavior identical to that found in seeds that remained on the mother plant to more advanced stages of maturation. Future studies with the aim of prolonging these characteristics in immature orthodox seeds can deepen understanding of recalcitrant behavior under the same conditions.
Conclusions
From the results obtained in this study, we conclude that: desiccation tolerance of C. echinata seeds is acquired progressively during their development; PEG treatment, even if it does not induce desiccation tolerance, can reduce the oxidation rates not related to respiration, bringing a new perspective to expanding conservation of the viability of these seeds in storage.
